Introduction
The slug test is one of the most commonly used techniques by hydrogeologists for estimating hydraulic conductivity in the field [Kruseman and de Ridder, 1989] . This technique, which is quite simple in practice, consists of measuring the recovery of head in a well after a near instantaneous change in water level at that well. Approaches for the analysis of the recovery data collected during a slug test are based on analytical solutions to mathematical models describing the flow of groundwater to/from the test well. Over the last 30 years, solutions have been developed for a number of test configurations commonly found in the field. Chirlin [1990] summarizes much of this past work.
In terms of slug tests in confined aquifers, one of the earliest proposed solutions was that of Hvorslev [1951] , which is based on a series of simplifying assumptions concerning the slug-induced flow system (e.g., negligible specific storage, finite effective radius). Much of the work following Hvorslev has been directed at removing one or more of these simplifying assumptions. Cooper et al. [1967] Bouwer, 1989 ], which employs empirical relationships developed from steady state simulations using an electrical analog model, for the analysis of slug tests in unconfined flow systems. Dagan [1978] presents an analytical solution based on assumptions similar to those of Bouwer and Rice [1976] . Amoozegar and Warrick [!986] summarize related methods employed by agricultural engineers. All of these techniques result from the application of several simplifying assumptions to the mathematical description of flow to a well in an unconfined aquifer (e.g., negligible specific storage, finite effective radius, representation of the water table as a constant-head boundary). As with the confined case, the ramifications of these assumptions have not yet been fully evaluated.
In this paper a semianalytical solution is presented to a mathematical model describing the flow of groundwater in response to an instantaneous change in water level at a well screened in a porous formation. The model incorporates the effects of partial penetration, anisotropy, finite-radius well skins of either higher or lower permeability than the formation as a whole, and upper and lower boundaries Of either a constant-head or an impermeable form. This model can be employed for the analysis of data from slug tests in a wide variety of commonly met field configurations in both con- For expressions of the complexity of (10) and (13), the analytical back transformation from transform space to real space is only readily performed under quite limited conditions. in the general case the transformation is best performed numerically. Numerical evaluation of the Fourier transforms and their inversions was done here using discrete Fourier transforms [Brigham, 1974] Several checks were performed in order to verify that (10) and (13) are solutions to the mathematical model outlined here. Substitution of (!0) and (13) into the respective transform-space analogs of (1)- (9) 
Ramifications for Data Analysis
As discussed in the introduction, the primary purpose of this paper is to evaluate the error that is introduced into parameter estimates through use of currently accepted practices to analyze response data from slug tests performed in conditions commonly faced in the field. This evaluation is carried out by using (10) and (!3) to simulate a series of slug tests. The simulated response data are analyzed using conventional approaches. The parameter estimates are then compared with the parameters employed in the original simulations to assess the magnitude of the error introduced into the estimates through use of a particular approach for the data analysis. The simulation and analysis of slug tests were performed in this work using SUPRPUMP, an automated well-test analysis package developed at the Kansas Geological Survey [Bohling and McEtwee, 1992] .
Partial Penetration Effects
The first factor examined here was the effect of partial penetration on parameter estimates in a homogeneous aquifer (no-skin case). where KHv is the estimate for the radial component of hydraulic conductivity obtained using the Hvorslev model and To is the basic time lag, the time at which a normalized head of 0.37 is reached. As the aspect ratio gets large (1/2½ gets large), (14) will reduce to Hvorslev's expression for a fully penetrating well (case 9) if the effective radius (distance beyond which the slug-induced disturbance has no effect on heads) is set equal to the screen length in case 9. Note that the anisotropy ratio, which appears in the ½ term, and KHV are perfectly correlated in (14), so these parameters cannot be estimated independently.
In Figure 3a , all analyses were performed using (14) while assuming that the anisotropy ratio was known. Given •e difficulty of reliably estimating the degree of anisotropy in natural systems, this assumption must be considered rather unrealistic. Therefore, the analyses were repeated assuming that the degree of anisotropy was not known. However, since the anisotropy ratio and KHV cannot be estimated independently, some value for the anisotropy ratio must be assumed for the analysis. This assumption of an arbitrary anisotropy ratio will give rise to an apparent 0 (•) value, which is the square root of the assumed anisotropy ratio over the aspect ratio. Figure 3b displays results obtained for slug tests analyzed using different •* values. When considered in order of decreasing magnitude, the • curves correspond to aspect ratios of 10, 50, and 200, respectively, for the case of an assumed anisotropy ratio of 1 (a common assumption in field applications). These curves will apply to different aspect ratios when an anisotropy ratio other than 1 is assumed.
Often, field analyses are performed using the fully penetrating well model of Hvorslev (case 9). For this approach, some assumption must be made concerning the effective radius of the slug test. In a frequently cited publication, the U.S. Department of the Navy [1961] recommends that an effective radius of 200 times the well radius be employed. Figure 3c displays the error that is introduced into conductivity estimates when that recommendation is adopted. Figure 3b indicates that the quality of the estimates provided by (14) will be dependent on the assumed apparent ½ (•) value for the case of an unknown anisotropy ratio. This figure demonstrates that for each • value there is a range of actual •for which the Hvorslev method will provide reasonable estimates. Although it is difficult to summarize the results of Figure 3b succinctly, it is clear that, if the assumed anisotropy is moderately close to the actual anisotropy (within a factor of 2-3), the Hvors!ev estimate will meet the criterion of reasonability employed here (_+25%). It can be readily shown that the • curves of Figure 3b are related to one another by a simple multiplicative factor. This relationship enables curves for • values other than those considered here to be generated by multiplying the Kest/Kr ratio for one of the curves given in Figure 3b by a factor consisting of the ratio of the natural logarithm term from (14) for the curve to be generated over the same term for the curve in Figure 3b . Although several standard references [e.g., Freeze and Cherry, 1979] recommend use of the isotropic form of (14), these results indicate that such an approach is only appropriate in isotropic to slightly anisotropic systems. This recommendation will result in a consistent underprediction of hydraulic conductivity in moderately to strongly anisotropic systems. An important goal of this paper is to define guidelines for the field practitioner. Since in actual field applications the aspect ratio should be a known quantity, guidelines based on the magnitude of the aspect ratio would be preferred. Although the general lack of information concerning anisotropy and specific storage introduces uncertainty, the results of this section can be used to roughly define aspect ratio guidelines for the analysis of response data from slug tests in partially penetrating wells. Clearly, at large aspect ratios (greater than 250), the Cooper et al. [1967] should be employed at all aspect ratios when the dimensionless storage parameter is large.
Boundary Effects
The previous discussion has focused on the effects of partial penetration in a vertically infinite system. Although one might suspect that most natural systems can be considered as vertically infinite for the purposes of the analysis of response data from slug tests, there may be situations in which the upper and/or lower boundaries of the system influence the response data. Thus the next factor examined here was the effect of impermeable and constant-heM boundaries in the vertical plane on parameter estimates. 
Well-Skin Effects
The results of the previous sections pertain to the case of slug tests performed in homogeneous formations. Often, however, as illustrated in Figure 1 , well drilling and development create a disturbed, near-well zone (well skin) that may differ in hydraulic conductivity from the formation in which the well is screened. It is important to understand the effect of well skins on conductivity estimates in order to avoid using estimates representative of skin properties to characterize the formation as a whole. beyond which the slug-induced disturbance has no effect on aquifer heads. In the low-conductivity skin case, this assumption is a very close approximation of reality, for almost all of the head drop occurs across the skin; heads in the formation are essentially unaffected by the slug test [e.g., Faust and Mercer, 1984] . Another major assumption of this model is that the specific storage has no influence on the response data. In most cases the thickness of the skin is relatively small, so the influence of the specific storage of the skin on slug-test responses is essentially negligible. Thus the assumptions of the Hvorslev model actually appear to be more reasonable in the low-conductivity skin case than in the homogeneous case. So, if one assumes an effective radius equal to the skin radius (e.g., •sk = 200 in Figure 7b ), the estimated conductivity will be a reasonable approximation of the conductivity of the skin at moderate to small ½ values. Hyder and Butler [1994] show that a lowconductivity skin has a similar effect on parameter estimates obtained using the Bouwer and Rice [1976] method. Thus uncertainty about the value to use for the screen length can introduce considerable error into the conductivity estimates. In the case of a partially penetrating well, the high-conductivity skin (e.g., the gravel pack) will normally be of greater length than the well screen. In this situation, the length of the high-conductivity skin, and not the nominal length of the well screen, is the quantity of interest. This larger-than-the-nominal screen length can be termed the "effective screen length" for the purposes of this discussion. In Figures 7a and 9 the high-conductivity skin cases were analyzed assuming that the nominal screen length was the appropriate screen length for the analysis. At large ½ values, such an approach is clearly incorrect. A more appropriate approach would have been to attempt to estimate the actual effective screen length. If there is an adequate seal in the annulus, the effective screen length should be the length of the gravel pack up to that seal. However, in cases where the length of the high-conductivity skin is considerably longer than the nominal screen length, such as in Figures 7a and 9 , where the skin extends to the upper boundary of the formation, the effective screen length will be dependent on the conductivity contrast between the formation and the skin. Further work is required to develop approaches for estimation of the effective screen length in such situations.
Summary and Conclusions
A semianalytical solution to a model describing the flow of groundwater in response to a slug test in a porous formation has been presented. The primary purpose for the development of this model was to assess the viability of conventional methods for the analysis of response data from slug tests.
The results of this assessment can be summarized as follows. If the anisotropy ratio is not known, which is the situation commonly faced in the field, the Hvorslev model will provide reasonable estimates if the assumed anisotropy ratio is within a factor of 2-3 of the actual ratio. Table 1 Note that the results of this study must be considered in light of the three major assumptions used in the mathematical definition of the slug-test model employed in this work. First, in (7) we adopted the commonly employed assumption of a uniform radial hydraulic gradient along the well screen as a mathematical convenience. In actuality, one would suspect that the gradient would be larger at either end of the screen, producing a U-shaped profile in the vertical plane. Butler et al. [1993b] , however, have performed detailed simulations with a numerical model to show that the use of this mathematical convenience introduces a negligible degree of error to the results reported here and virtually all practical applications.
In a homogeneous formation the
Second, in (8) and (9) we assumed that the skin fully penetrates the formation being tested. Although this assumption is appropriate for the case of multilevel slug tests performed in a well'fully screened across the formation, it is clearly not representative of reality in the general case. For tests in wells with a low-conductivity skin, however, this assumption is of little significance, since a low-conductivity skin will not serve as a vertical conduit. In this situation, flow in response to a slug-induced disturbance will be primarily constrained to an interval bounded by the top and bottom of the well screen. In the case of a high-conductivity skin, this assumption will produce considerably more vertical flow in the skin than would actually occur. Butler et al. [1993b] , however, have shown through numerical simulation that a slug test performed in a partially penetrating well with a high-conductivity skin that extends to the bottom of the screen is indistinguishable from a slug test performed in a similar configuration in which the well screen terminates against a lower impermeable layer. Thus for the high conductivity skin cases examined here, the slug tests were simulated assuming that the screen abutted against a lower impermeable layer. Note that this approach is only appropriate for a skin considerably more conductive (i.e., larger by a factor of 2-3) than the formation and considerably longer than the nominal screen length. Thus the highconductivity skin results presented here should be considered representative of bounding, worst case conditions. Third, in (11) we assumed that the water table could be represented as a constant-head boundary. Given the small amount of water that is introduced to/removed from a well during a slug test, this assumption is considered reasonable under most conditions. The cases in which this assumption may be suspect are that of a well that is screened across the water table or a well screened over a deeper interval with a gravel pack that extends above the water table. Ongoing numerical and field investigations are currently being undertaken to assess the error that is introduced through this assumption and to suggest approaches for data analysis when that error is deemed unaceeptab!y large [Butler et 
